Microorganisms are reported to use siderophores as iron carriers in their high-affinity type iron-uptake systems. Since siderophores form rather stable complexes with ferric iron, the release of iron from internalized complexes is probably accomplished through reduction to ferrous forms, being catalyzed by ferric reductases. In the present study, one of the ferric reductases from the soluble fraction of Vibrio anguillarum E6-5 was partially purified and characterized. This was an NADH-dependent ferric reductase with ability to reduce different iron complexes such as ferric citrate, ferric-EDTA, and ferric chloride. Effects of flavin derivatives, metal ions, dithiothreitol (DTT), and b-mercaptoethanol were also studied. In gel filtration chromatography, the enzyme showed an apparent molecular mass of 26 kDa. Upon native-PAGE analysis, the partially purified preparation gave a single band with ferric reductase activity.
Iron, an essential mineral for all microorganisms, acts as a cofactor of numerous enzymes including ribonucleotide reductases, cytochromes, and peroxidases. Although iron is the fourth most abundant metal on the earth's surface, it is not generally available for biological assimilation in aerobic environments. For growth and survival, the majority of bacterial species have been reported to secrete low molecular weight compounds known as siderophores that have a high affinity for Fe 3+ ion. Some bacteria are able to use siderophores produced by other species as well as their own 10) . Such siderophores can chelate extracellular Fe 3+ ion and form Fe 3+ siderophore complexes 17, 18) which can be internalized via cell surface receptors 2) . After being transported inside, the iron must be released from the Fe 3+ -siderophore complexes before its mobilization. Considering the low affinity of siderophores for the ferrous iron, reduction of iron may be the best possible choice for its release. The reduction of iron is probably accomplished by ferric reductases. Among siderophore-excreting bacteria, such ferric reductases were found in different cellular compartments; however, they typically occurred in the cytosol fraction 4) , suggesting an involvement in the reduction of iron to facilitate its release from ferri-siderophores, and consequent utilization by iron-requiring enzymes. Several such enzyme systems have been isolated and characterized 1, 5, 6, 11, 12) .
In V. anguillarum, one of the most important fish pathogens, a plasmid-mediated iron uptake system has been well characterized and is reported to have a strong relation to pathogenicity 2) . This bacterium can utilize heme or transferrin as its iron source 13) and possesses a heme-binding protein in its cell membranes 14) . Later, Mazoy and Lemos reported the presence of ferric reductase in all cell fractions of V. anguillarum H775-3 and suggested that the activity could be constitutive 15) . They found some stimulation of activity in the cytoplasmic fraction when the bacterium was grown in CM9 medium without a supplement of iron, and speculated on some regulation in the inductive expression of cytoplasmic ferric reductase. Since many components of the iron-uptake mechanism mediated by siderophores in V. anguillarum are regulated by iron 2, 19) , the cytoplasmic ferric reductase could be repressed in the presence of iron. How-ever, membrane and periplasmic reductases would not be involved in siderophore-mediated iron-uptake mechanisms as they are not regulated by iron. Thus, it is of growing interest whether the ferric reductases play important roles in the uptake of iron as well as in the release after the uptake. A study on enzyme systems in a soluble fraction capable of ferric iron reduction would provide useful information on the release of iron from Fe 3+ -siderophores after the uptake.
Generally, ferric reductases are difficult enzymes to purify. Although reported to be present in many organisms, they are not abundant in cells. The instability of these enzymes during the later stages of purification may also make them hard to purify. Moreover, there are limited reports on this enzyme in vibrios. We are convinced that the characterization of these enzymes will expand existing knowledge about their role in the release of iron from iron-siderophores after uptake. We had detected several bands with ferric reductase activity in the soluble fraction of V. anguillarum E6-5 using native-PAGE. A preparation partially purified on Sephacryl S-100 gave a single band with ferric reductase activity. In this paper, some kinetic properties and optimal conditions for the activity of this ferric reductase, which accounted for most of the activity in the soluble fraction from V. anguillarum E6-5, are described.
Materials and Methods

Bacterial strains and culture conditions
V. anguillarum E6-5 8) was donated by Y. Ezura, Faculty of Fisheries, Hokkaido University. Bacteria were grown aerobically at 22°C in a 1 liter medium containing 0.5% yeast extract, 0.5% polypeptone, 0.5% meat extract, 1.5% NaCl, 0.2% KH 2 PO 4 , and 0.2% glucose (pH 7.4) in 3-liter flasks with vigorous shaking. Cells were harvested at the early stationary phase of growth by centrifugation and were stored frozen at -80°C before use.
Preparation of cell fractions
Cell fractions were prepared by the method of Mazoy and Lemos 15) with slight modification. Briefly, bacterial cells were grown at 22°C for 30 h in 100 ml of 0.2% casamino acids containing M9 minimal medium 16) (denoted as CM9 medium) or in CM9 medium supplemented with 5 mM iron ion (added as ferric citrate). Cells were harvested at the stationary phase (after 30 h) by centrifugation at 10,000´g for 10 min at 4°C. The cell pellet was suspended in 0.19 M Tris-HCl buffer (pH 8.0) containing 0.21 M sucrose, 1 mM EDTA, 1 mM phenyl methyl sulfonyl fluoride (PMSF), and lysozyme at a final concentration of 0.5 mg ml -1 . After incubation of the cell suspension on ice for 5 min and addition of MgSO 4 at a final concentration of 20 mM, the suspension was centrifuged at 10,000´g for 30 min at 4°C. Periplasmic components and spheroplasts were recovered in the supernatant and pellet, respectively. Cytoplasmic and membrane fractions were isolated after disruption of the spheroplasts in 0.19 M Tris-HCl buffer (pH 8.0) containing 0.21 M sucrose, 1 mM EDTA, and 20 mM MgSO 4 by sonication on ice. The sonicate was centrifuged at 10,000´g and 4°C for 5 min to remove cellular debris. The supernatant was centrifuged at 180,000´g for 2 h to separate into membrane (pellet) and cytoplasmic (supernatant) fractions. The membrane fraction was washed twice in the same buffer and centrifuged again. All fractions were used immediately after preparation.
Enzyme preparation
All steps were done at 4°C if not mentioned otherwise. Bacterial cells from a 5-liter cultivation (30 g, wet weight) were suspended in 60 ml of lysis buffer [0.1 M Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM PMSF] and incubated with lysozyme (0.5 mg/ml) for 1 h on ice. After repeated sonication, the cell homogenate was centrifuged at 180,000 g for 2 h to give crude enzyme (60 ml). After dilution with an equal volume of cold water, the crude enzyme solution was applied to a column (1.5´20 cm) of DEAE-Sepharose pre-equilibrated with 25 mM Tris-HCl (pH 8.0) containing 1 mM EDTA, 1 mM PMSF, and 10% glycerol (buffer A). After washing of the column with buffer A, the elution was performed with a linear gradient of NaCl in buffer A. Fractions containing ferric reductase activity (0.18 M 0.24 M) were pooled and concentrated with Amicon's ultra-filtration unit. The concentrated enzyme (4.2 ml) was applied to a column (1.0´95 cm, V 0 =120 ml) of Sephacryl S-200 prewashed with 0.3 M NaCl-containing buffer A and elution was performed with the same buffer. Active fractions (fractions 189 to 204, 16 ml) were pooled and concentrated as mentioned above. This enzyme preparation (2 ml) was then applied to a column (0.75´95 cm, V 0 =78 ml) of Sephacryl S-100 equilibrated with the same buffer. Active fractions (fractions 112 to 116, 5 ml, as peak c) were pooled, concentrated to 400 ml as above, and used as partially purified preparation. The enzyme solution was divided into 50-ml aliquots, frozen, and stored at -80°C. Fractions contributing minor activity (fractions 101-103, 3 ml, as peak a; fractions 104-106, 3 ml, as peak b; fractions 119-122, 4 ml, as peak d) were also pooled and stored for analysis.
Enzyme assay and protein determination Assay of ferric reductase:
Except for the assay of the activity at different temperatures, ferric reductase activity was assayed as described by Mazoy and Lemos 15) with some modification. Standard assay mixtures (1 ml) contained 10 mM Tris-HCl (pH 7.4), 100 mM ferric citrate, 250 mM NADH, 50 mM FMN, 250 mM ferrozine, 1 mM MgSO4, and 0.1 mg/ml bovine serum albumin (BSA). Each reaction mixture in polystyrene cuvettes was kept at 25°C for temperature equilibrium and the reaction was started with addition of an adequate amount of enzyme. Amounts of Fe 2+ ion produced were calculated from the absorbance of Fe 2+ -ferrozine complex at 562 nm using a molar extinction coefficient of 27,900 M -1 cm -1 . One enzyme unit is defined as 1 nmol Fe 2+ produced per min and the specific activity is shown as units per mg of protein.
Assay of flavin reductase:
Flavin reductase activity was assayed by NADH oxidation as described 5) . Briefly, the time-dependent decrease of absorbance at 340 nm was recorded with a Shimadzu UV-1200 spectrophotometer. Usually six parallel incubations were done simultaneously. Under standard conditions, each cuvette contained, in a final volume of 1 ml, 10 mM TrisHCl (pH 7.4), 250 mM NADH, 50 mM FMN and 0.1 mg/ml BSA. Oxidation of NADH was evaluated from the slope of the recorded curves. One unit of activity is defined as the oxidation of 1 nmol NADH using a molar extinction coefficient of 6,230 M -1 cm -1 per min under the above conditions. The specific activity was expressed as units per mg of protein. Protein concentrations were determined by using the BIO-RAD protein assay kit with BSA as standard.
Effects of pH, temperature, metal ions, and chemicals
Ferric reductase activity was assayed at 25°C for 10 min at different pH ranges using the following buffers (10 mM): acetate buffer (pH 4.0-6.0), Pipes buffer (pH 6.5-7.0), and Tris-HCl (pH 7.2-9.0). Determination of the optimum temperature for ferric reductase activity was carried out at 0°-50°C in a 1-ml standard reaction mixture using 0.2 mg of enzyme. After incubation at different temperatures for 5 min, the reaction mixture was rapidly cooled on ice. Following the addition of 20 ml of 0.5 M EDTA, the formation of Fe 2+ was determined as above. DTT or b-mercaptoethanol was added to the standard reaction mixture at a concentration of 1 mM and the amount of Fe 2+ formed was measured. The effect of the metal ions was assayed at a final concentration of 0.1 mM.
Enzyme stability
An enzyme solution (20 ml, 0.2 mg/ml) was pre-incubated at pH 7.4 for 10 min at different temperatures and cooled on ice, and the remaining activity was assayed under standard conditions. To assess the effect of pH on stability, the respective enzyme solution (20 ml, 0.2 mg/ml) was pre-incubated at different pH for 1 h at 25°C before the remaining enzyme activity was assayed at pH 7.4.
PAGE
Non-denaturing discontinuous polyacrylamide gel electrophoresis (native PAGE: without SDS and DTT) was performed according to the method described by Mazoy and Lemos 15) with slight modification, by using a 12% (w/v) separating gel and 4% (w/v) stacking gel. Samples were concentrated to 20 ml using the Microcon centrifugal filter device YM-10 (Amicon), mixed with an equal volume of cold sample buffer containing 20 mM Tris-HCl (pH 7.0), 40% glycerol (v/v), and 0.005% (w/v) bromophenol blue as tracking dye, and applied to gels. Electrophoresis was performed at 100 volts for 2 h at 4°C. Gels were stained at 25°C in 0. 
N-Terminal sequencing
One mg of the purified enzyme obtained by Sephacryl S-100 chromatography was subjected to a native PAGE in a preparative fashion under the same conditions as above. After excision of a band showing ferric reductase activity and extraction of proteins as above, SDS-PAGE was performed. Proteins bands on coomassie brilliant blue R-250 staining gel were excised, eluted into dialysis sac by electro elution, and sequentially concentrated first with Microcon YM-10 and then with ProSpin TM (Applied Biosystems) equipped with a PVDF membrane. The blotted membrane was washed with methanol and dried. N-Terminal amino acid sequences of these protein species were determined by Edman degradation using the facility at the Center for Instrumental Analysis, Hokkaido University.
Results and Discussion
When ferric reductase activity was measured under standard assay conditions, cell free extracts from V. anguillarum E6-5 grown aerobically in CM9 medium showed a significant level of ferric reduction, independent of supplemented iron. The presence of iron in the growth medium did not have a clear effect on the enzymic activity, however, the cellular distribution of the activity was changed considerably by the supplement. Without the iron supplement, the majority of the enzymic activity (47%) was found in the cytoplasmic fraction together with an increase in specific activity; on the other hand, on addition of iron, the majority of the activity (55%) was recovered in the membrane fraction but specific activity was unchanged. The results suggest that the supplement of iron is unrelated to regulation in the synthesis of basal ferric reductase, however, it may lead to an alteration in the cellular distribution of ferric reductases. This suggestion is consistent with the proposal 15) that the ferric reductase in V. anguillarum H 775-3 is constitutive and particularly, that the ferric reductase activity in cytoplasm may be involved in the release of iron inside the cytoplasm from Fe 3+ -siderophore complexes after the uptake.
As shown in Table 1 , one of the ferric reductases that contributed to the activity in the soluble fraction of V. anguillarum E6-5 was partially purified about 500-fold in good yield (about 40%) by conventional chromatographic procedures. The elution profiles of column chromatography are shown in Fig. 1 . Almost all of the enzyme was bound to DEAE-sepharose as no detectable activity was found in the wash. Then, the enzyme activity was recovered in fractions between 0.18 and 0.24 M NaCl. Upon Sephacryl S-200 gel filtration, the ferric reductase activity was found in the tail region of the second major proteins (data not shown). As judged from the elution profile of enzyme activity and protein in gel filtration on Sephacryl S-100 (Fig. 1) , one or more enzyme species may occur in the pooled enzyme preparation.
In the purification procedure, addition of PMSF and EDTA to the lysis buffer was probably necessary as their removal resulted in a large reduction in recovered activity. The enzymic activity was unchanged during storage at -80°C, but repeated freezing and thawing caused a great loss of activity. The loss of enzymic activity during filtration was prevented by adding of 0.3 M NaCl to the elution buffer. Further purification was tried by chromatography on phenyl-sepharose, ADP-agarose, or other resins, not suc- cessful. Dilution is likely to be a major factor in the loss of activity accompanying purification. The enzyme was stable in the pH range 6.5-8.5. The ferric reduction reaction was found to be optimum at pH 7.4. The optimal reaction temperature was 37°C during short incubation periods (within 5 min), but at this temperature the reaction rate decreased with prolonged incubation. Therefore, kinetic data were obtained at 25°C although the observed activity corresponds to about 75% of the measured activity at 37°C. Table 3 shows effects of some metal ions and chemicals on the enzymic activity. Addition of Ba 2+ , or Ca 2+ to the standard reaction mixture had no influence, while Cu 2+ , Co 2+ , Hg 2+ , Ni 2+ , or Zn 2+ at 0.1 mM showed a strong inhibitory effect. Removal of Mg 2+ from the standard assay mixture led to a decrease in the reaction rate by about 30%, differing from a previous study where 85% of activity was lost 15) . The enzymic activity was strongly inhibited by DTT and b-mercaptoethanol at 1 mM. Addition of EDTA at 10 mM stalled the reaction. This approach of reactioncessation may be useful in the assay of a large number of samples. We successfully applied it to determine optimum temperature. The difference between this approach and the standard assay was less than 10%.
In a previous ferric reductase assay system reported for a crude enzyme from V. anguillarum H775-3, NADH-dependent Fe 3+ reduction was remarkably stimulated by addition of FAD 15) . However, the stimulatory effect of FAD was unexplained. Therefore, we tried to clarify such effects of flavins using a partially purified enzyme preparation. When NADH was used as an electron donor, ferric citrate was reduced at a rate of 280 nmol/mg/min in the absence of FMN, whereas the reduction rate remarkably increased to 4210 nmol/mg/min (15-fold increase) when FMN was added ( Table 1 ). The effect of FMN on the standard reaction was given as the ratio of ferric reductase (NADH-dependent) activity with and without FMN. Riboflavin as well as FAD also had similar stimulatory effects. On the other hand, when NADPH was as the electron donor, the ferric reduction was observed in the presence of FMN or riboflavin, and not FAD. The reason for the poor potential of FAD is unknown, however, it may be explained by sterric hindrance that disallows the transfer of electron from NADPH to ferric iron via FAD. When reduced glutathione was used as the electron donor, the ferric reduction was undetectable regardless of the presence or absence of flavins. Furthermore, as shown in Table 2 , the enzyme showed a lower apparent Km for NADH than for NADPH, accompanying a much higher apparent V max . The apparent K m for NADH did not differ much even in the absence of flavin, however, the Vmax was greatly reduced. These results suggest that the present enzyme preparation contains active NADHdependent ferric reductase and NADH (NADPH)-dependent FMN reductase; and the reaction product, FMNH2, can serve as an electron donor in the spontaneous (nonenzymatic) reduction of ferric iron. This may be the reason why this enzyme could reduce many ferric compounds such ferric citrate, ferric chloride, and ferric-EDTA. But whether a single enzyme or two separate enzymes catalyzes the above two reactions was unknown. Considering the rather constant ratios of ferric reduction with or without FMN throughout the purification (Table 1) , a single enzyme may catalyze both reactions. When native gels were stained for ferric reductase activity, purple bands against a pink background appeared after 15 min and were clearly visible within 30 min. Prolonged incubation (more than 1 h) made it difficult to distinguish the bands from the background. When NADH was used as the electron donor in the staining solution, five bands with ferric reductase activity were detected (Fig. 2A, lane 3) in the crude preparation. They are labeled bands A, B, C, D, and E in order of mobility (fast to slow). The finding is different from the result reported by Mazoy and Lemos 15) where only one band was detectable in the cytoplasmic fraction by native discontinuous PAGE. Three of the five protein bands were also detectable in the enzyme preparation after Sephacryl S-200 purification ( Fig. 2A . lane 1, corresponding to bands B, C, and E in the crude preparation). Two other minor bands were lost during purification, probably due to a labile nature. Only a thin and sharp single band, corresponding to band C, was visible in the final purified preparation (Fig. 2A, lane 2) . This strongly indicates the occurrence of a single enzyme having ferric reductase activity. However, as shown in lanes 1 and 3 of Fig. 2A , the intensity of band C was weak, compared to that of bands B and A or E and B. Providing that the apparent intensity of the enzyme in this staining is proportional to the actual enzymic activity, only the activity found in band C is not accounted for by the major activity found in the crude enzyme preparation. This dilemma can be explained by a difference in the sensitivity of staining between the enzymes found in band C and other bands. Furthermore, Fig. 2B shows that only two prominent bands (probably corresponding to bands B and E of the NADH-stained gel) were detectable when NADPH was substituted for NADH in the staining solution. After purification on Sephacryl S-100, such bands disappeared (Fig. 2B, lane 3) . From the above results, it is suggested that the NADH-dependent ferric reductase can be purified in a homogenous state. This is consistent with the finding that this enzyme is NADH-dependent and cannot utilize NAD-PH as an electron donor in the absence of FMN or riboflavin. Unfortunately, the stain in the solution containing NADPH and FMN gave high background levels, and so was impossible to confirm whether the NADH-dependent activity overlapped with the plausible NADPH(FMN)-dependent activity and whether any additional band is present in lane 2 (Fig. 2B) . As shown in the elution profile of Sephacryl S-100 (Fig. 1) , the enzymic activities for NADH-dependent ferric reductase and for flavin reductase nearly overlapped each other suggesting that the major ferric reductase in the soluble fraction of V. anguillarum E6-5 was a NADHdependent flavin reductase.
Upon gel filtration on Sephacryl S-100 the major enzymic activity was found at about 26 kDa (Fig. 1) , which was 3, 7, 20) . After the final preparation of purified enzyme (about 1 mg) was subjected to native gel electrophoresis, a plausible ferric reductase (corresponding to band C in Fig. 2A ) was extracted from the excised gel in SDS-containing sample buffer and subjected to SDS-PAGE. As shown in Fig. 3 , it gave three major bands corresponding to molecular sizes of about 26, 32 and 37 kDa. From this result, we could not determine which protein band is derived from the ferric reductase. Therefore, we tried to find a homologous sequence of these polypeptides in known reductase-related proteins. It was found that the N-terminal sequence (Thr-Thr-Gln-Leu-Lys-Val-LysSer-Ile-Glu-Pro-Leu-Ala-Ser-Leu) of the 26 kDa polypeptide has high homology with the N-terminal sequence of flavin reductases from V. harveyi and V. fischrei 7, 18) . On the other hand, the N-terminal sequence of the 37 kDa polypeptide(Ala-Ile-Glu-Glu-Gly-Gln-Leu-Thr-Ile-Trp-Ile-AsnGly-Asp-Lys-Gly-Tyr-Asn-Gly-Leu) showed high homology with maltose binding protein of Vibrio cholerae and with maltose binding protein precursors in E. coli as well as Salmonella typhimurium. Whereas for the 32 kDa polypeptide (Met-Thr-Glu-Leu-Lys-Val-Lys-Ile), there was no significant match in the database. Therefore it is most likely that the 26 kDa polypeptide chain is derived from one of the cytoplasmic ferric reductases. The molecular size was consistent with the value obtained by gel chromatographic analysis, suggesting that this enzyme is present in a monomeric form. Several degenerated probes were designed in combination with the N-terminal sequence information obtained in this study and several reported DNA sequences encoding a C-terminal consensus for similar enzymes (bacterial ferric or flavin reductases). Using such probes, the molecular cloning of ferric reductase is in progress. Because of the difficulty in purification from cultured cells of bacteria, recombinant enzyme will provide for a better understanding of ferric reductase in the near future.
Although a number of V. anguillarum strains are fish pathogens, these bacteria can survive several months in seawater where dissolved iron concentrations are particularly low: most of the dissolved iron at the ocean's surface is tightly bound to organic ligands. In such natural conditions, ferric reductases of V. anguillarum are believed to play a major role in the release of iron from high affinity types of organic ligands such as siderophores. These enzyme systems not only play a biochemical role in living systems, but also play a fundamental role in the utilization and biogeochemical cycling of iron in the ocean by bacteria. Fig. 3 . SDS-PAGE of proteins extracted from a band with ferric reductase activity after activity staining of the native gel. After the concentration, the Sephacryl S-100-purified enzyme preparation (peak c in Fig. 1 ) was electrophoresed by native PAGE and the gel was stained for ferric reductase activity in a staining solution that contained NADH as an electron donor. A band with ferric reductase activity was excised; proteins were extracted from the gel fragment, and resolved by SDS-PAGE. Sizes of the major bands are indicated.
